Abstract-In this paper, an uncertainty and disturbance estimator (UDE)-based robust power flow control is developed for grid-connected inverters to achieve accurate power delivery to the grid. The model of power delivering with both frequency dynamics and voltage dynamics is derived at first. The UDE method is introduced into the controller design to deal with model uncertainties (e.g., output impedance and power angle), coupling effects, and external disturbances (e.g., 
variations of the grid voltage (frequency variation, phase variation, or amplitude variation), even though they are small, affect the stability of the GCI and grid operation; and the fluctuating dc-link voltage also often affects the GCI control for renewable energies [2] , [3] .
The vector control, originally proposed for the control of electrical machine drive systems [4] , is a popular control algorithm for three-phase GCI to convert dc power to ac power [5] [6] [7] . In the vector control, the current regulation in the dq reference frame is adopted to generate voltage reference control signals. An extra synchronization unit, e.g., the phase-locked loop (PLL), is required for the transformations of both current and voltage between the abc reference frame and the dq reference frame. However, the vector control has its fundamental limitations in the grid voltage variation conditions. First, the frequency dynamics are not considered in the vector control, which makes it difficult to analyze the power angle and frequency stability between the GCI and the grid [3] . Second, the PLL dynamics can affect the stability of the GCI, particularly in weak grids [3] , [8] [9] [10] , and the control response is also limited by the response of PLL [11] , [12] . Third, the variation of the dc-link dynamics can also affect the stability of the GCI in the vector control [3] . Moreover, because the PLL is inherently nonlinear and so are the inverter controller and the power system, it is extremely difficult and time-consuming to tune the PLL parameters to achieve a satisfactory performance [12] .
The droop control method for power sharing among paralleloperated inverters [13] can be adopted for the GCI to achieve power flow control [14] [15] [16] [17] [18] . Though some merits are achieved with the droop control method, such as the harmonic current regulation [14] , flexible operation in either grid-connected mode or islanded mode [15] , [17] , and enhancing power loop dynamics [16] , the extra synchronization units are still needed in most cases [14] , [16] [17] [18] . It still has limitations for the droop control method to deal with variations of the grid voltage, and extra control loops (a voltage regulator or a current regulator) [11] are required to combine with the droop control method [14] , [15] , [17] , [18] .
Inverters also can be controlled to behave as virtual synchronous machines (VSM) [19] , [20] . The self-tuning algorithms for optimal parameters of the VSM are studied in [21] ; however, the PLL is still needed in this method. Similar to the synchronization mechanism of a synchronous machine, a power-synchronization control is proposed for voltage-source converters in [22] without the needs of PLL. Following the work on the synchronverter technology [20] , a dedicated synchronization unit is completely removed in [12] . The similar concept of the VSM is expanded to introduce the inertia to the grid [3] and to improve the microgrid's stability [9] without a synchronization unit.
In this paper, a robust power flow control strategy based on the uncertainty and disturbance estimator (UDE) method is developed for GCI to deliver both real power and reactive power to the utility grid. The UDE control algorithm, which was first proposed in [23] , is based on an assumption that the uncertainty and disturbance can be estimated by using a filter with an appropriate bandwidth. In recent years, the UDE-based control demonstrates its excellent robust performances in different applications, such as robust trajectory tracking [24] , control for a class of nonaffine nonlinear systems [25] , and the variable-speed wind turbine control [26] . In this paper, the model of power delivering with both frequency dynamics and voltage dynamics is derived at first. Then, the UDE method is introduced into the controller design to achieve accurate regulation of both real power and reactive power, in the presence of the model uncertainties (e.g., output impedance and power angle), the coupling effects, and the external disturbances (e.g., the fluctuation of dc-link voltage, variation of output impedance/line impedance, and variations of the grid voltage). Also, this controller does not require an extra synchronization unit in grid-connected operation, apart from an initial synchronization. This approach has a simple structure without either voltage regulation or current regulation and is easy for the implementation and parameter tuning with the design of the desired tracking error dynamics and the UDE filters. The effectiveness of the proposed control approach is investigated by theoretical analysis and demonstrated through experimental studies on an experimental test rig. Though this method is developed based on single-phase GCI in this paper, the results can be further extended to three-phase GCI. With the capability of handling the variations of the grid voltage, the UDE-based robust power flow control is suitable for weak grids. Also with the individual control of the real power and reactive power, this approach can be extended to other applications, such as static synchronous compensators and active power filters.
The rest of this paper is organized as follows. Section II provides the dynamics of power delivery. In Section III, the UDE-based robust power flow control is proposed for the GCI. Both stability analysis and steady-state performance analysis are provided. The effectiveness of the proposed approach is demonstrated through the experimental validation in Section IV, with the concluding remarks made in Section V.
II. DYNAMICS OF POWER DELIVERY
A voltage source E∠δ delivering power to the grid V o ∠0
• through an impedance Z∠θ can be modeled in Fig. 1 . The real power P and the reactive power Q received by the grid V o ∠0
• can be obtained as [1] (1) and (2), the dynamics of power delivery are expressed iṅ
Since the power angle δ depends on the output power of the GCI, and the output impedance Z∠θ always drifts with the changes of environments (e.g., inductance change with magnetic saturation caused by high current, and resistance change by high temperature), they are quite uncertain. Moreover, nonlinear and coupling terms, e.g., Z cos δ cos θ exist in the dynamics of reactive power (4) . The uncertainties, the nonlinearity, and the coupling effects cause difficulties for control design of power delivery.
For the GCI, similar to the winding inductance in synchronous generators, because of the output LC filters or the inductance of line impedance, the output impedance is mostly inductive. It means sin θ ≈ 1 and cos θ ≈ 0 with θ ≈ 90
• . In practice, the power angle δ is usually very small with sin δ ≈ 0 and cos δ ≈ 1. Then, the dynamics of power delivery (3) and (4) can be rewritten asṖ
where 
represent the lumped uncertain terms, including the uncertainties, the nonlinearity, and the coupling effects. d pzo and d qzo are the deviations due to the deviation of the real output impedance Z in (3) and (4) from the nominal output impedance Z o . In practice, the lumped uncertain terms p and q can be small and bounded because of the inductive output impedance and small power angle δ in GCI. With the treatment based on the uncertain terms (7) and (8), the dynamics of power delivery (3) and (4) are reduced as linear equations in (5) and (6) plus the uncertain terms, which will simplify the following controller design. Also, the uncertain terms p and q will be estimated and compensated in the following controller design.
III. ROBUST POWER FLOW CONTROL
In this section, an UDE-based robust power flow control is developed for the GCI based on the dynamics of power delivery (5) and (6) . The structure is shown in Fig. 2 . The real power and reactive power can be regulated individually.
A. Controller Design
The inverter should deliver both real power and reactive power to the grid accurately. The control objective is to achieve the regulations of both real power and reactive power, such that the real power P and the reactive power Q asymptotically track their settings P set and Q set , respectively. In particular, the tracking errors e p = P set − P and e q = Q set − Q should satisfy the error dynamic equationṡ
e q = −K q e q (10) where K p > 0 and K q > 0 are the constant error feedback gains.
Combining (5) and (9) and (6) and (10), respectively, theṅ
Therefore,δ andĖ need to satisfẏ
According to the system dynamics in (5) and (6), the uncertain terms p and q can be obtained as
Following the procedures of the UDE design provided in [23] , p and q can be estimated bŷ
where " * " is the convolution operator, and g pf (t) and g qf (t) are the impulse response of strictly proper stable filters G pf (s) and G qf (s) with the appropriate bandwidth. Replacing p and q withˆ p andˆ q in (13) and (14) results iṅ
Furthermore, the UDE-based robust power flow control laws are obtained aṡ
The final controller output v r for generating pulse width modulation (PWM) signals can be obtained after combining the frequency from the phase δ and the amplitude obtained from E, as shown in Fig. 2 , where ω * is the rated frequency and E * is the rated voltage for global settings. Here, V o can be the denominator in both (19) and (20), since the amplitude of the grid voltage V o is nonzero. It is worth noting that the uncertain terms p (7) and q (8) include the model uncertainties of the output impedance Z∠θ and the power angle δ for the GCI. The variation of output impedance (e.g., caused by high current, or by high temperature), the addition of virtual impedance, and the change of power angle can be estimated and compensated by the UDE-based control algorithms (19) and (20) .
The grid voltage v o and the output current i of the GCI are measured to calculate the real power P and the reactive power Q, as shown in Fig. 2 , so that the real power and reactive power can be controlled individually. The GCI with the UDE-based robust power flow control can regulate its own frequency and voltage based on the tracking errors of the real power e p and the reactive power e q . When the disturbances happen in the grid voltage (e.g., variations of frequency or amplitude), the power outputs P and Q will change from the reference values P set and Q set , which causes the proposed controller to regulate the frequency and voltage of the GCI till both power output tracking errors converge to zero. Therefore, the UDE-based robust power flow control can deal with the variations of both frequency and amplitude in the grid voltage without an extra synchronization unit for the grid-connected operation. The change of line impedance will affect the measured grid voltage and the power outputs P and Q. This effect also can be compensated by the UDE-based controller.
Furthermore, a PWM modulation unit is applied in the controller output v r , as shown in Fig. 2 , to convert the dc voltage to the ac voltage. This might introduce the disturbances of the fluctuating dc-link voltage into the system. The fluctuating dclink voltage also can be treated as external disturbances and handled by the UDE-based robust power flow control (19) and (20) . There is no requirement to measure the dc-link voltage, as long as the dc-link voltage is high enough to deliver power to the grid. In practice, the dc-link voltage can be measured for other purposes, such as the protection.
In addition, an inner-current-loop control can be added to the controller output v r shown in Fig. 2 for other purposes, such as the virtual impedance design [27] and the current protection [1] . However, the added virtual impedance will not affect the performance of power delivery with the proposed method. The related experimental result will be shown in Section IV.
B. Stability Analysis
Theorem 1. Considering the GCI delivering power to the grid with the dynamics (5) and (6) , and the UDE-based robust power flow control laws (19) and (20) , if the lumped uncertain terms p (7) and q (8) are bounded, then the closed-loop system is stable in the sense of boundedness, i.e., the power-tracking errors e p and e q are bounded for all t ≥ 0.
Proof. Considering the Lyapunov function candidate
Taking the derivative of V (t), along with (9)- (12),
With the UDE-based control laws (19) and (20), and along with (15) and (16),
where˜ p p −ˆ p and˜−ˆ q are the estimated errors of the uncertain terms. According to (15) and (16), the estimated errors are represented as
Since the filters G pf (s) and G qf (s) are strictly proper stable filters with the appropriate bandwidth, if the lumped uncertain terms p (7) and q (8) are bounded, the estimated errors˜ p and˜ q are bounded. By applying Young's inequality to (21) , there iṡ
where c 1 = min{2K p − 1, 2K q − 1} > 0, and c 2 ≥ 0 is the upper bound for
where
is the initial value. When t → ∞, the first term on the right-hand side of (25) will decay to 0, and the second term is bounded with . This means V (t) is bounded for all t ≥ 0. Therefore, the closed-loop system is stable in the sense of boundedness, which indicates that the power-tracking errors e p and e q are bounded for all t ≥ 0.
The bounds of e p and e q can be adjusted through the design of feedback gains K p , K q and the filters G pf (s) and G qf (s). When the estimations of the uncertain terms p and q are accurate enough, e.g., the filters G pf (s) and G qf (s) have the unity gain over the bandwidths of p and q , respectively, the estimation errors˜ p and˜ q will be close to zero. Then, the power-tracking errors e p and e q will converge to zero.
C. Steady-State Performance
The steady-state performance of power delivery for the GCI will be analyzed in this section.
When the estimated termsˆ p (15) andˆ q (16) are adopted to replace p in (13) and q in (14), the error dynamics (9) and (10) becomeė
By substituting (22) into (26), substituting (23) into (27) , and taking the Laplace transformation
where E p (s), p (s), E q (s), and q (s) are the Laplace transform of e p , p , e q , and q , respectively. Then
It is worth noting that p in (7) and q in (8) are normally small with the small power angle δ and inductive output impedance. They can be assumed bounded, i.e.,
If the filters G pf (s) and G qf (s) are designed as the strictlyproper stable filters with G pf (0) = 1 and G qf (0) = 1, by applying the final value theorem to (30) and (31), there are
Hence, the mean values of tracking errors for both real power and reactive power converge to zero and accurate power delivery to the grid is achieved.
IV. EXPERIMENTAL VALIDATION A. Experimental Setup
Although the major uncertainties and disturbances are considered in the theoretical development, some practical issues cannot be fully considered. In order to verify the real-time performance of the UDE-based robust power flow control (19) and (20) , a test rig with one experimental inverter delivering power to a simulated grid provided by a controlled inverter shown in Fig. 3(a) is built up. The circuit diagram is shown in Fig. 3(b) , where a load consisting of a resistor R L = 40 Ω and a capacitor C L = 45 μF is connected to the controlled inverter to provide the base power consumption. The experimental inverter is connected to the grid simulator via a switch CB1 and a line resistance R line = 2 Ω. The line resistance R line is bypassed by a switch CB2 to mimic the change of line impedance. The inverter parameters are given in Table I . Here, the impedance of experimental inverter includes the parasitic resistance and the filter capacitor. As mentioned earlier, these effects can be dealt with by the proposed controller. The PWM frequency for power electronic devices is set as 19.2 kHz for both inverters. Both inverters are controlled through the Texas Instruments control-CARD with F28M35H52C1 microcontroller unit.
B. Selection of Control Parameters
The guidance of the parameters selection in the UDE-based robust power flow control (19) and (20) is provided as follows. The constant feedback gains are chosen with K p = K q = 20 to achieve the desired tracking error dynamics. Then,
are time constants for the step response. The UDE filters G pf (s) and G qf (s) in (19) and (20) are chosen as the following second-order low-pass filters:
In order to get a better estimation of uncertain terms p and q and achieve the desired tracking error dynamics, the bandwidths of UDE filters G pf (s) and G qf (s) should be bigger than the bandwidths of the desired step response, K p and K q , respectively, and wide enough to cover the spectrum of the lumped uncertain terms p and q . The filters parameters are chosen as ω p = ω q = 25.1, Q p = Q q = 1.
C. System Performance

1) With DC-Link Voltage Disturbances and Impedance Disturbances:
In this scenario, the grid voltage and frequency are kept in nominal value. Three types of disturbances, i.e., change of dc-link voltage, addition of virtual impedance, and change of line impedance, are considered.
First, the change of dc-link voltage is studied. Initially, the switch CB1 is OFF and switch CB2 is ON. The simulated grid is set with the nominal frequency 60 Hz and the nominal voltage 110 Vrms. The grid simulator is continuously working during the whole experimental test through the controlled inverter. The experimental inverter starts at t = 0 s. Then, the voltage v o after CB1 is measured by the experimental inverter for the initial synchronization using the zero-crossing method [1] before t = 3 s. Therefore, the first 3 s are omitted from the plots. The initial synchronization is disabled after the experimental inverter is connected to the simulated grid with switch CB1 ON. The initial values of P set and Q set are set to zero. Then, we have the following.
1) The real power P set = 200 W and the reactive power Q set = −100 Var are applied at t = 5 s.
2) The real power P set changes to 100 W at t = 10 s, and the reactive power Q set changes to −50 Var at t = 15 s.
3) The dc-link voltage of the experimental inverter changes from 299 to 270 V DC at t = 20 s and returns to 299 V DC at t = 25 s.
4) The test is stopped at t = 30 s. The same initial settings and step 1 are also applied in other cases.
The system responses are shown in the left column of Fig. 4 . After the experimental inverter is connected to the grid simulator, the real power and reactive power remain at zero. After t = 5 s, the real power and reactive power reach the set points with P = 200 W in Fig. 4(a) and Q = −100 Var in Fig. 4(c) within 0.5 s, and the overshoots are almost zero. The change of real power causes a positive spike in the inverter frequency, as shown in Fig. 4(b) , since the experimental inverter should generate a phase-lead to increase the power delivered to the simulated grid. Then, the inverter frequency settles down quickly. The real power and reactive power also have fast responses (within 0.5 s) with the set-point changes at t = 10 s and t = 15 s, respectively. The inverter frequency has a negative spike in the set-point change of real power with the similar reason as mentioned earlier. The changes of voltage E, though are very small before t = 20 s, exist in different power settings, as shown in Fig. 4(d) , in order to meet the desired power references. When the dc-link voltage changes at both t = 20 s and t = 25 s, as shown in Fig. 4(e) , the real power and reactive power keep almost unchanged, but the voltage E changes by about 10%, as shown in Fig. 4(d) , to compensate the changes of the dc-link voltage (about 10%). The response of the voltage E is not fast (about 2 s), because the changes of the dc-link voltage are not fast either.
Second, the addition of virtual impedance is studied. The real power P set = 200 W and the reactive power Q set = −100 Var are still applied at t = 5 s. A virtual impedance R v = 2 Ω with feedback current is added at t = 10 s and then removed at t = 20 s to mimic the variation of output impedance. The system responses are shown in the middle column of Fig. 4 . Though the reactive power has some big spikes (about 20%) after both t = 10 s and t = 20 s, it converges to the set point quickly (about 0.5 s). The inverter voltage E goes up with the effect of adding virtual impedance. The real power and the inverter frequency only have small spikes with adding and removing of virtual impedance, and settle down quickly.
Third, the change of line impedance is studied with Switch CB2 ON at t = 10 s and then OFF at t = 20 s. The system responses are almost same with the case of virtual impedance disturbances, as shown in the right column of Fig. 4 . For the UDEbased control (19) and (20), the effects of virtual impedance disturbances and line impedance disturbances are similar with almost same voltage E, when R v = R line ; however, the real output voltages of the experimental inverter are different for these two types of disturbances.
From the studies of this scenario, it can be seen that the UDEbased robust power flow control can achieve fast response with different desired power settings, where the real power and reactive power can be controlled individually in the presence of the coupling effects. The controller does not need a continuous synchronization unit after the experimental inverter is connected to the grid with an initial synchronization. At the same time, this UDE-based robust power flow control can reject the disturbances from the fluctuating dc-link voltage, the variation of output impedance, the addition/removing of virtual impedance, and the change of line impedance.
2) With Grid Disturbances: In this scenario, three types of grid disturbances are considered, i.e., step change of grid frequency, low-voltage fault-ride through, and connection with a weak grid. For the change of grid frequency and the lowvoltage fault-ride through, they are achieved through the direct voltage and frequency control of the controlled inverter. For the connection with a weak grid, the droop control is applied in the controlled inverter to provide the frequency and voltage support for the simulated grid, functioning as a weak grid for the experimental inverter.
First, the change of grid frequency is considered. The simulated grid is initially set at the nominal frequency 60 Hz and nominal voltage 110 Vrms. With the same initial synchronization and power settings as previous scenario, we have the following.
2) The grid frequency increases by 0.25 Hz at t = 10 s, and returns to normal 60 Hz at t = 15 s. 3) At t = 20 s, the grid frequency drops by 0.25 Hz, and returns to normal 60 Hz again at t = 25 s. 4) The test is stopped at t = 30 s. The system responses are shown in the left column of Fig. 5 . After t = 10 s, the real power is regulated well with some spikes (about 15%) when the grid frequency changes. The inverter frequency tracks the variation of the grid frequency well in each step change of the grid frequency. The reactive power and the voltage E keep almost unchanged when the grid frequency changes.
Second, the low-voltage fault-ride through is considered. The grid voltage increases by 10% at t = 10 s and returns to normal at t = 15 s; then, the grid voltage drops by 20% at t = 20 s and returns to normal again at t = 25 s. Here, the 20% drop of grid voltage is considered as a low-voltage fault condition. The system responses are shown in the middle column of Fig. 5 . After t = 10 s, though the reactive power has some big spikes (about ±20% of spikes in 10% changes of grid voltage, about ±25% of spikes in 20% changes of grid voltage), it converges to the set point quickly (less than 0.8 s). The inverter voltage E tracks the amplitude variation of the grid voltage well in each step change. Though the real power and the inverter frequency have some spikes in the step changes of grid voltage, they settle down quickly. These spikes in both real power and inverter frequency are caused by the coupling effects. The related grid voltage is shown in Fig. 5(e) .
Third, following the droop method in [28] , the droop control with voltage droop coefficient n = 0.036 and frequency droop coefficient m = 0.0006 π is applied in the controlled inverter to behave as a weak grid. For the experimental inverter, the settings are the following.
2) The real power P set changes to 100 W at t = 10 s, and the reactive power Q set changes to −50 Var at t = 15 s. 3) At t = 20 s, the real power P set returns to 200 W, and the reactive power Q set returns to −100 Var at t = 25 s. 4) The test is stopped at t = 30 s. The system responses are shown in the right column of Fig. 5 . For the controlled inverter with a simulated weak grid, both frequency and amplitude of grid voltage change with different power settings of the experimental inverter. The grid frequency is less than 60 Hz, because of the positive real power consumption of the resistive load, and the grid voltage is bigger that 110 V rms , because of the negative reactive power consumption of the capacitive load. For the experimental inverter, both real power and reactive power are regulated well in different power settings with fast responses. In each setting change of real power, the grid frequency changes with different real power delivery of the experimental inverter. The experimental inverter frequency follows grid frequency very well, though it has some spikes during the setting changes of real power, it settles down quickly. The setting changes of reactive power also affect the amplitude changes of grid voltage. The experimental inverter voltage E follows the changes of grid voltage; also, it is affected by the setting change of real power, because of the coupling effects.
The UDE-based control can keep reliable power output regulation in the presence of the disturbances of both frequency and amplitude from the grid voltage. When the grid voltage is changed, the GCI with the UDE-based robust power flow control can regulate the frequency and the voltage of the GCI to follow the changes of the frequency and amplitude from the grid voltage and deliver the required power accurately. This method demonstrates its good low-voltage fault-ride through capability and works well in a weak grid.
D. Comparison With the Active Disturbance Rejection Controller and the Proportional-Integral Controller
To evaluate the good robustness of the UDE-based control, two other controllers, the proportional-integral (PI) controller and another popular robust control, named active disturbance rejection controller (ADRC) [29] , are introduced for comparison. The sinusoidal disturbances on both frequency and amplitude of the simulated grid voltage are considered to test their robustness. The system starts with P set = 0 and Q set = 0. Then, we have the following.
1) The real power P set = 200 W and the reactive power Q set = −100 Var are applied at t = 1 s. 2) A sinusoidal disturbance 0.2 · sin (2πt) Hz is added to the nominal frequency of the grid voltage at t = 4 s. 3) At t = 7 s, a sinusoidal disturbance 5.5 · sin (2πt) V rms is added to the nominal amplitude of the grid voltage. 4) The test is stopped at t = 12 s. For fair comparison, the parameters of three controllers are chosen with similar transient and steady-state performances for step response without disturbances. For ADRC, the following linear extended state observer [29] is adopted for real power control based on the dynamics of real power (5)
where y p = P , z p1 is the state estimation of real power P , z p2 is the state estimation of lumped uncertain term p ,
, and u p is controller output forδ. The observer gains are chosen as β p1 = 2ω p0 , β p2 = ω 2 p0 , with ω p0 = 37.7. The final ADRC law for real power is set as
The ADRC for reactive power can have the same design with ω q 0 = 37.7. For the PI controller of real power, k pp = 0.008 and k ip = 0.06; the PI controller parameters for reactive power are set as k pq = 0.9 and k iq = 6.4.
The system responses of three methods are shown in both Fig. 6 and Table II. Three methods have similar transient and steady-state performances for step response without disturbance before t = 4 s, except that the PI controller has some overshoots on both real power and reactive power. After t = 4 s, the UDE-based control has the smaller tracking error of real power than those of ADRC and PI controller as shown in Fig. 6(a) . The root mean square (RMS) of real power-tracking error with the UDE-based control in steady state (10 s-12 s) is only 6.658 W, which is smaller than that of the ADRC, 10.043 W, and that of the PI controller, 10.466 W, as shown in Table II . Also, the frequency-tracking error between the grid frequency f g and the inverter frequency f inverter with the UDEbased control is slightly smaller than that of the ADRC and (Hz) much smaller than that of the PI controller. After t = 7 s, the UDE-based control has the smaller tracking error of reactive power compared to the ADRC and PI controller, as shown in Fig. 6(d) . The RMS of reactive power-tracking error with the UDE-based control in the steady state (10-12 s) is only 9.859 Var, which is much smaller than that of the ADRC, 15.999 Var, and that of the PI controller, 16.097 Var. Therefore, the UDE-based control has better robustness than the ADRC and PI controller.
V. CONCLUSION
In this paper, an UDE-based robust power flow control has been proposed for GCI to deliver power to the grid accurately. Both frequency dynamics and voltage dynamics were included in the model of power delivery. The UDE algorithm has been adopted for both real power and reactive power control in the presence of model uncertainties, coupling effects, and external disturbances. This method has a simple structure without an extra synchronization unit for the grid-connected operation, and with the easy implementation and parameter tuning. The effectiveness of the proposed approach under different scenarios has been validated experimentally.
